End resection of DNA-which is essential for the repair of DNA double-strand breaks (DSBs) by homologous recombinationrelies first on the partnership between MRE11-RAD50-NBS1 (MRN) and CtIP, followed by a processive step involving helicases and exonucleases such as exonuclease 1 (EXO1). In this study, we show that the localization of EXO1 to DSBs depends on both CtIP and MRN. We also establish that CtIP interacts with EXO1 and restrains its exonucleolytic activity in vitro. Finally, we show that on exposure to camptothecin, depletion of EXO1 in CtIPdeficient cells increases the frequency of DNA-PK-dependent radial chromosome formation. Thus, our study identifies new functions of CtIP and EXO1 in DNA end resection and provides new information on the regulation of DSB repair pathways, which is a key factor in the maintenance of genome integrity.
INTRODUCTION
DNA double-strand breaks (DSBs) are the most cytotoxic lesions that can be generated by ionizing radiation, certain chemotherapeutic drugs, collapse of stalled DNA replication forks or during physiological processes such as meiotic recombination (Bassing et al, 2002; Whitby, 2005) . DSBs that are not properly repaired can cause gross chromosomal aberrations that trigger carcinogenesis through activation of oncogenes or inactivation of tumour suppressor genes. Cells use two main mechanisms to repair DSBs: non-homologous end-joining (NHEJ) and homologous recombination (HR; Wyman & Kanaar, 2006; Misteli & Soutoglou, 2009) . NHEJ repair takes place throughout the cell cycle, whereas HR is restricted to S-and G2-phases. HR is initiated by 5 0 -3 0 resection of DSBs to produce single-strand DNA (ssDNA) tails that function as a signal for ATR-mediated DNA damage checkpoint activation before the recruitment of recombination proteins (Pardo et al, 2009) . Several studies have investigated the molecular mechanisms of DNA end resection in genetically amenable organisms. These have implicated the MRE11-RAD50-NBS1/Xrs2 (MRN/MRX) complex and CtIP/Sae2 in the early stages of DSB processing, followed by the redundant action of BLM/Sgs1 helicase and exonuclease 1 (EXO1) in the generation of long stretches of ssDNA (Mimitou & Symington, 2009) . Accordingly, only the simultaneous depletion of BLM and EXO1 resulted in accumulation of partly resected intermediates and hypersensitivity to DSBinducing agents (Gravel et al, 2008; Mimitou & Symington, 2008; Zhu et al, 2008) . These studies led to a two-step model according to which in human cells the initial 'end-trimming' is carried out by MRN and CtIP, followed by resection by two mechanisms depending on either EXO1 or BLM (Niu et al, 2009) .
In this study, we show that EXO1 is recruited to laser-induced DSBs in a CtIP-dependent manner and that CtIP interacts with EXO1, thereby retarding processive degradation of DNA by EXO1 in vitro. Furthermore, we provide evidence that concomitant depletion of CtIP and EXO1 in camptothecin-treated cells leads to chromosomal rearrangements, probably as a result of illegitimate NHEJ-dependent repair of DSBs.
RESULTS AND DISCUSSION EXO1 localization to sites of DNA damage
On the basis of the two-step model of DNA end resection, we hypothesized that the recruitment of EXO1 to DSBs was dependent on the initial processing by MRN and CtIP. As endogenous levels of EXO1 are undetectable by direct immunostaining (El-Shemerly et al, 2005) , we examined EXO1 localization to laser microirradiation-induced DSBs (Bekker-Jensen et al, 2006) by using U2OS cells stably expressing green fluorescent protein (GFP)-tagged EXO1 (Gravel et al, 2008) . Similarly to previous reports, we observed accumulation of EXO1 at sites of DSBs (Bolderson et al, 2010 ; Fig 1A; supplementary Fig S1A,B online) . We therefore asked whether depletion of CtIP or the MRN complex ( Fig 1B) would affect EXO1 recruitment to DSBs. Both fixed and live-cell imaging showed that depletion of either CtIP or MRE11 impaired the recruitment of EXO1 and replication protein A (RPA) 2 to DSBs (Fig 1C; supplementary Fig S1B online) . Furthermore, in CtIP-depleted cells we did not observe any localization of EXO1 to sites of DSBs, even at late time points (supplementary Fig S1A,B online) . In addition, downregulation of BLM did not impair EXO1 recruitment to DSBs (data not shown). Consistent with the S/G2-specific recruitment of CtIP to DSBs (Sartori et al, 2007) , accumulation of GFP-EXO1 at DSBs was only observed in cyclin A-positive cells and was strictly CtIP-dependent (Fig 1D) . Finally, EXO1, but not CtIP, did not localize to sites of laser-induced DSBs in ataxia telangiectasia-like disorder 1 (ATLD1) cells, which are deficient in DSB resection due to a hypomorphic mutation of the MRE11 gene (Stewart et al, 1999; Carson et al, 2003; supplementary Fig S1C-E online) . This defect was rescued on re-expression of wild-type MRE11 (supplementary Fig S1F online) . From these observations, we concluded that the recruitment of EXO1 to DSBs depends on the initial DSB-end trimming carried out by MRN together with CtIP.
CtIP interacts with EXO1 and restrains its activity
Although they are independently recruited to sites of DSB (supplementary Fig S1E online ; Lisby et al, 2004; Chen et al, 2008) , CtIP was shown to interact with MRN and stimulate its endonuclease activity in vitro (Sartori et al, 2007) , indicating a functional relationship between these factors during DNA end resection. This prompted us to examine whether EXO1 physically associates with the MRN-CtIP complex. To test this, CtIP or EXO1 was immunoprecipitated from HEK293T whole-cell extracts and the recovered complexes were analysed by immunoblotting. Interestingly, CtIP but not MRE11 was present in anti-EXO1-immunocomplexes both in non-stressed cells and in cells treated with camptothecin (Fig 2A) -a chemotherapeutic agent known to induce DSBs exclusively during DNA replication by trapping DNA topoisomerase 1 cleavage complexes (Pommier, 2006) . Although we noticed that EXO1 preferentially interacts with the hyperphosphorylated form of CtIP in damaged cells (Fig 2A, lane  8) , we did not observe differences in CtIP-EXO1 interaction on phosphatase treatment of the CtIP-EXO1 immunocomplex (supplementary Fig S2A online) . We confirmed the previously reported CtIP-MRE11 interaction, but did not detect EXO1 in anti-CtIP immunocomplexes, probably due to low cellular levels of EXO1 (ElShemerly et al, 2005) . Therefore, we immunoprecipitated CtIP from HEK293T cells transiently expressing OMNI-tagged EXO1. Under these conditions, we detected EXO1 in anti-CtIP immunocomplexes, both in the presence and absence of hydroxyurea (supplementary Fig S2B online) .
To investigate whether the interaction between CtIP and EXO1 is direct or reliant on bridging factors, we examined CtIP-EXO1 complex formation by using purified, recombinant proteins in an anti-EXO1 immunoprecipitation experiment (Fig 2B) . Although a , lanes 3-7) or both together at equimolar concentrations (lanes 8-12). Reactions were terminated at the indicated time points and the products were analysed as described in the Methods section. (E) Linearized plasmid with 3 0 -overhangs (2.5, 5 nM DNA ends) was incubated at 37 1C with hEXO1 (15 nM), RPA (300 nM) and the indicated amounts of CtIP. Reactions were terminated at the indicated time points and the products were analysed as described in the Methods section. ecEXOIII, Escherichia coli exonuclease III; hEXO1, human exonuclease 1; PI, preimmune; RPA, replication protein A; WCE, whole-cell extract.
DNA end resection by CtIP and EXO1 W. Eid et al small fraction of CtIP was unspecifically bound to beads, CtIP was enriched when equimolar amounts of EXO1 were present (Fig 2B,  lane 4) , demonstrating that the two proteins are able to bind directly to each other in vitro. Saccharomyces cerevisiae Sae2 shows endonuclease activity on defined substrates (Lengsfeld et al, 2007) . Although similar activity has not yet been reported for human CtIP, CtIP was shown to enhance the endonucleolytic activity of the MRE11-RAD50 complex (Sartori et al, 2007) . On the basis of these observations, we asked whether CtIP might also affect the 5 0 -3 0 exonuclease activity of EXO1 in vitro. First, we examined the activity of purified recombinant EXO1 (supplementary Fig S2C online) using a singly nicked plasmid DNA substrate. Only wild-type EXO1, not a catalytically dead mutant, was able to completely degrade the nicked strand within 30 min of incubation, indicating that there was no contaminant exonuclease activity in our preparation (supplementary Fig S2D online) . The addition of equimolar amounts of CtIP decreased exonucleolytic processing, whereas it did not inhibit the activity of Escherichia coli exonuclease III (Fig 2C) . Under similar assay conditions, MRE11-RAD50 did not substantially affect EXO1 activity (supplementary Fig S2E online) . We observed a similar inhibitory effect of CtIP on EXO1 activity using either a radiolabelled DNA oligonucleotide substrate (Fig 2D) or a linearized plasmid (Fig 2E) both containing 3 0 -overhangs, which are the preferred substrate for EXO1 in vitro (supplementary Fig S2G online ; Lee & Wilson, 1999) . Electrophoretic mobility shift assays showed that, in contrast to EXO1, CtIP did not efficiently bind to the oligonucleotide substrate (supplementary Fig S2F online) , excluding the possibility of a nonspecific inhibition of EXO1 by CtIP through steric hindrance. As observed with the nicked plasmid, CtIP did not inhibit the activity of E. coli exonuclease III on the linear substrate (data not shown). Furthermore, neither MRE11-RAD50 nor BLM affected EXO1 activity on the plasmid with 3 0 -overhangs (supplementary Fig S2H online) . Interestingly, pre-incubation of CtIP with either blunt-ended or 5 0 -overhang substrates facilitated processing by EXO1, which did not occur when the proteins were added in the reverse order (supplementary Fig S2I online) .
These biochemical data might suggest that CtIP is able to restrain long-range resection by EXO1, thereby generating appropriate recombinogenic ssDNA structures (Mimitou & Symington, 2009; Niu et al, 2009 ). Inhibition of EXO1 activity was also reported during repair of DNA mismatches. However, whereas in mismatch repair RPA (Genschel & Modrich, 2009) or possibly MutLa (Zhang et al, 2005) are required for terminating EXO1 activity on removal of the mismatch, our data suggest that CtIP might act to fine tune the nucleolytic activity of EXO1.
CtIP and EXO1 promote error-free repair of DSBs
Our observations indicate that the initial end-trimming activity of MRN-CtIP is required for the recruitment of EXO1 to sites of 
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DNA damage and that CtIP might subsequently control EXO1 exonucleolytic activity to facilitate HR. This prompted us to examine whether some of the phenotypes reported for CtIP-deficient cells in response to camptothecin require EXO1 (Sartori et al, 2007) .
By using siRNA-mediated downregulation of CtIP and EXO1, we monitored various DNA damage phenotypes in response to camptothecin. Single or combined depletion of CtIP and EXO1 did not significantly affect transition through S-phase, as shown by flow cytometry and incorporation of 5-ethynyl-2 0 -deoxyuridine in DNA (supplementary Fig S3A,B online) . As previously shown, CtIP knockdown led to a decrease in CHK1 and RPA2 phosphorylation (supplementary Fig S3C online) , indicative of inefficient resection and impaired ATR activation (Sartori et al, 2007) . However, EXO1 depletion had no impact on ATR signalling, apart from a modest increase in RPA2 hyperphosphorylation (supplementary Fig S3C online) . Furthermore, the pattern of camptothecin-triggered DNA-damage-signalling events in cells simultaneously depleted for CtIP and EXO1 did not vary from that of CtIP singly depleted cells (supplementary Fig S3C online) . Taken together, these data support the view that EXO1 acts downstream from CtIP and MRN in DNA end resection and are consistent with studies reporting an alternative, EXO1-independent mode of processive resection (Gravel et al, 2008; Mimitou & Symington, 2008) .
Next, we analysed the sensitivity of these cells to an acute treatment with camptothecin by colony formation assays. Consistent with previous reports, we observed that CtIP downregulation caused hypersensitivity to camptothecin, whereas EXO1 depletion conferred only minor cytotoxicity (Fig 3A; Sartori et al, 2007; Gravel et al, 2008) . Interestingly, we observed a partial, but statistically significant rescue of sensitivity at low camptothecin concentrations by simultaneous downregulation of CtIP and EXO1 (Fig 3A,B) . Consistent with this, we found a similar increase in survival on chronic treatment with camptothecin (Fig 3C) . We then treated cells with Olaparib, an inhibitor of poly(ADP-ribose) polymerase (PARP; Helleday et al, 2008) . As PARP is involved in the repair of DNA single-strand breaks (Hoeijmakers, 2001) , it was proposed that PARP inhibition results in the accumulation of replication-associated DSBs (Bryant et al, 2005; Farmer et al, 2005) , creating lesions similar to those caused by camptothecin (Pommier, 2006) . Treating singly or doubly depleted cells with Olaparib resulted in a pattern of hypersensitivity similar to that caused by camptothecin (supplementary Fig S3D online) .
The above data indicate that CtIP and EXO1 act in the same pathway, but they also point to a potentially new genetic interdependency between these factors during the repair of replication-associated DSBs. To gain further, structure-based insight into the repair of camptothecin-induced lesions, we analysed metaphase spreads from cells lacking CtIP and EXO1. Compared with control cells, EXO1-deficient cells had a slight increase in broken chromatids, whereas depletion of CtIP led to a reduction of this type of chromosomal aberration (supplementary Fig S3E online) . However, we noticed a significant increase in the number of radial chromosomes specifically in doubly depleted cells, indicative of illegitimate repair by end joining (Fig 3D;  supplementary Fig S3F online) .
CtIP and EXO1 cooperate to prevent NHEJ
It has been shown that DNA-replication-associated DSBs, such as those induced by camptothecin, activate DNA-PKcs, indicated by autophosphorylation on S2056 (Chen et al, 2005; Sakasai et al, 2010;  supplementary Fig S4A online) . By analysing S2056 ) and treated with camptothecin (1 mM, 1 h) in the presence or absence of NU7441 (10 mM). In total, more than 100 spreads were analysed for both conditions in two independent experiments. The average number of radial chromsomes per spread was 1.65 (DMSO) and 0.59 (NU7441), equivalent to a 2.8-fold reduction in radial formation. (C) Cells transfected as in (A) were treated with DMSO or camptothecin (2.5 mM, 4 h) in the presence or the absence of NU7441 (10 mM). The amount of broken DNA was assessed by pulsed-field gel electrophoresis. CNTL, control; DMSO, dimethyl sulphoxide; EXO1, exonuclease 1; IB, immunoblot; siRNA, small interfering RNA.
DNA end resection by CtIP and EXO1 W. Eid et al autophosphorylation, we observed increased DNA-PKcs activation particularly in doubly depleted cells, and the signal was further amplified in response to camptothecin (Fig 4A) . This prompted us to reexamine camptothecin-induced chromosomal aberrations on inhibition of DNA-PKcs (supplementary Fig S4A  online) . Under these conditions, we observed an almost threefold reduction in the number of radial structures in EXO1/CtIPdeficient cells, whereas DNA-PKcs inhibition had no major effect in singly depleted cells (Fig 4B; supplementary Fig S4B online; data not shown). Consistent with this and in agreement with an upregulation of NHEJ in the absence of CtIP and EXO1, DNA-PKcs inhibition markedly increased the number of camptothecininduced breaks measured by PFGE (Fig 4C; supplementary Fig  S4C online ).
CONCLUSIONS
Our data imply that two factors involved in DNA end resection, CtIP and EXO1, probably act together to maintain genomic stability by protecting cells from the deleterious consequences of end-joining-mediated repair of camptothecin-induced DNA lesions. A similar scenario was reported for the repair defects in Fanconi anaemia cells (Adamo et al, 2010; Pace et al, 2010) . Therefore, we speculate that hypersensitivity to replicationassociated DSBs in resection-compromised cells is probably the result of inappropriate NHEJ rather than HR deficiency alone.
METHODS
Live-cell imaging and laser microirradiation. Double-strand breaks were generated in the nuclei of living cells on 18-mm glass cover slips by microirradiation of arbitrarily shaped regions of interest (ROIs) at 355 nm with 15-mW output power of the laser (Genesis 355-80, Coherent; Walter et al, 2003) . The ROIs were irradiated 10 times consecutively and identical ROIs were used in all experiments. Subsequently, fluorescence time-lapse imaging was performed for GFP (488 nm excitation, 525-560 nm emission; SP5, Leica, Mannheim, Germany) using an HCX Plan-Apo Â 63/ NA 1.40 oil immersion objective. Pre-sensitization with 10 mM bromodeoxyuridine was used to avoid artefacts by high local density of DSBs. Non-pre-sensitized control cells showed a lack of EXO1 and CtIP recruitment under the same conditions. Cells were kept in complete growth medium under 5% CO 2 at 37 1C during the experiments. For fixed-cell imaging, DSBs in defined nuclear volumes were generated by microirradiation (MMI CellCut) with a 355-nm UV-A laser adjusted at 50% of the power. Before irradiation, cells were grown for 24 h in the presence of 10 mM bromodeoxyuridine.
See supplementary information online for additional Methods. Supplementary information is available at EMBO reports online (http://www.emboreports.org).
